Currently, nanomaterials (NMs) with particle sizes below 100 nm have been successfully employed in various industrial applications in medicine, cosmetics and foods. On the other hand, NMs can also be problematic in terms of eliciting harmful eŠects as a result of their small size. However, biological and/or cellular responses to NMs are often inconsistent and even contradictory. In addition, relationships among the physicochemical properties, localization and biological responses of NMs are not yet well understood. In order to open new frontiers in the use of the safer NMs in theˆelds of medicine, cosmetics and foods, it is necessary to understand the detailed properties of NMs so that their safety can be predicted. In this review, we present some of our studies examining the cellular localization and cytotoxicity, including genotoxic eŠects of well-dispersed amorphous silica particles of diameters ranging from 70 nm to 1000 nm. Our results suggest that`w ell-dispersed'' amorphous nanosilica of particle size 70 nm (nSP70) enters the nucleus and exhibits mutagenic activity related in ROS generation in vitro. Our data indicate that further studies of the relation between the physicochemical properties of, and the biological responses to NMs are needed to ensure the safety of these materials, and to promote their acceptance by society.
Introduction
In January 2000, US President Bill Clinton advocated for the National Nanotechnology Initiative (NNI) and began a massive investment in nanotechnology research and development. This US policy resulted in an explosion of research on the development of nanotechnologybased applications in wide-rangingˆelds, including information technology, energy and medicine. The recent development of nanoscale engineering represents a dynamic area of interdisciplinary research, incorporating nanomaterials (NMs) into a diverse product matrix, including diagnostics, food additives and cosmetics. Because amorphous silica nanoparticles (nSPs) and titanium oxide nanoparticles are colorless and re‰ect ultraviolet radiation more e‹ciently than micro-sized particles, nSPs and titanium oxide nanoparticles are already used as cosmetic vehicles or functional ingredients in many cosmetics such as foundation creams and sunscreens (1,2). An NM is deˆned as a substance that has at least one dimension of less than 100 nm in size. NMs can assume many diŠerent forms, such as tubes, rods, wires, spheres or particles. Because they exhibit unique physicochemical properties and innovative functions, the world market for NMs is expected to signiˆcantly increase during the next few years (3).
However, because NMs may possess novel properties, kinetics, and biological eŠects diŠerent from those of micro size bulk materials, their potential for harmful eŠects on humans is raising concerns about their safety. For example, exposure of cells or animals to carbon nanotubes, TiO2 nanoparticles or silver nanoparticles have been reported to induce cytotoxicity and in‰amma-tion (4-16). However, other researchers have reported that carbon nanotubes and TiO2 nanoparticles do not induce harmful eŠects (17) (18) (19) . Thus, despite intensive research eŠorts, investigations of biological and/or cellular responses to NMs are often inconsistent and even contradictory. In addition, relationships among the physicochemical properties, absorbency, and localization of, and biological responses to NMs are not yet well understood. In order to ensure the safety of NMs and open new frontiers for the use of NMs in biological elds, it is necessary to gain a more complete understanding of NMs. For example, in order to build a comprehensive prediction system of the safety of NMs, it . Scanning electron microscopy (SEM) analysis, particle size and zeta potential of silica particles. SEM photomicrographs of silica particles used in this study: nSP70, nSP300 and mSP1000. Scale bars: 0.1 mm (nSP70) and 0.5 mm (nSP300 and mSP1000). Results are expressed as mean± S.D. (n＝3).
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would be helpful to explore the detailed properties of NMs and the relationship among their physicochemical properties, absorbency, and localization, and the biological responses they elicit from the point of view of biosafety (Our strategy is summarized in Fig. 1 ).
Physicochemical Properties of Various-sized Silica Particles
In this study, we used amorphous nanosilica particles (nSPs) as an example of an NM. nSPs are one of the most widely applied NMs, and are used in cosmetics and food additives. nSPs also have great potential for use as diagnostic imaging agents, gene delivery carriers and cancer therapies (20) (21) (22) (23) (24) . In addition, these NMs show overwhelmingly superior dispersibility as compared with carbon nanotubes, fullerene and nano-sized TiO2. Thus, these nSPs are ideally suited for determining how particle size in‰uences cellular responses to NMs.
Weˆrst analyzed the physicochemical properties of commercially available silica particles of 70, 300 and 1000 nm in diameter (nSP70, nSP300 and mSP1000, respectively). Close examination of the silica particles of diŠerent particle sizes by transmission electron microscopy (TEM) and scanning electron microscopy (SEM) revealed that all silica particles used in this study were smooth-surfaced spherical particles, and that the primary particle sizes were approximately uniform (Fig.  2) . The mean size and the mean zeta potential of silica particles in a neutral solvent for each size category are also shown in Fig. 2 . These results suggest that the silica particles used in this study remained as stable well-dispersed particles in solution, and did not form aggregates. Thus, these particles are ideally suited to evaluate whether their bio-distribution and biological eŠects depend on particle size.
Analysis of Intracellular Distribution of Silica Particles in Human Keratinocytes
It has been reported that NMs can enter the skin by transdermal exposure (25) (26) (27) . These reports indicate the possibility that NMs enter and accumulate in the human body after dermal exposure over a relative long time period. Accordingly, in this study, we evaluated the intracellular distribution of, and cellular responses to silica particles in skin cells. 3 . Detection of oxidative stress induced by silica particle treatment in HaCaT cells. Detection of total ROS and hydroxyl radicals induced by silica particle treatment in HaCaT cells. HaCaT cells were incubated with various concentrations of nSP70, nSP300, and mSP1000 for 3 h. 0.2 mM H 2 O 2 were used as positive control. **Pº0.01 vs PBS.
Safety Evaluation Study of Nanomaterials
Firstly, to determine the intracellular location of silica particles, we used TEM to examine HaCaT cells that were treated with 100 mg/ml of nSP70, nSP300, or mSP1000. TEM examination revealed the presence of mSP1000 and nSP300 particles only in the endosome. Cells treated with mSP1000 were also found to contain a large number of lysosomes. In contrast, in nSP70-treated cells nSP70 particles were present in the cytoplasm as well as in the nucleus. Furthermore, nSP70 particles accumulated in the nucleolus. Recently, it has been reported that the intracellular localization of NMs may be linked to the induction of harmful eŠects. For example, the localization of silver nanoparticles in the nucleus and mitochondria may be related to mitochondrial dysfunction or oxidative stress (28) . Thus, analysis of intracellular localization may provide important and useful information to predict nanotoxicity.
Analysis of Cell-growth Inhibition and Genotoxicity Induced by Silica Particles
Next, we investigated the biological eŠects of nSPs. To this end, we assessed the eŠects of nSPs of various particle sizes on the proliferation of HaCaT cells. We found that cell proliferation was inhibited following treatment with nSP70 and nSP300 in a both dose-and size-dependent manner. The half maximal (50z) inhibitory concentration (IC50) of nSP70 and nSP300 for cell proliferation was 323 and 3966 mg/ml, respectively. We were, however, unable to calculate the IC50 of mSP1000. Taken together, these results suggested that smaller sized silica particles inhibited the growth of HaCaT cells more strongly than the larger particles.
Based on evidence of nuclear entry of nSP70 in vivo and in vitro, we next evaluated the eŠects of nSPs on DNA damage. We used the comet assay to analyze DNA single strand breaks in nSP-treated HaCaT cells. As shown in Table 1 , in cells treated with PBS (negative control) for 3 h, the average tail length was 23.3 mm. In cells treated with 90 mg/ml of nSP70, nSP300, or mSP1000, the average tail lengths were 102.9 mm, 30.5 mm, and 22.5 mm, respectively. The average tail lengths increased with decreasing size of the silica particles. The tail lengths found in the nSP70-treated cells were longer than those found in the positive control cells (0.2 mM H2O2 treated cells) (Table 1) . Theseˆndings suggest the possibility that nSPs with particle sizes below 100 nm could induce mutations.
Analysis of the Mechanism of Cell-growth Inhibition and Genotoxicity Induced by Silica Particles Focusing on Reactive Oxygen Species
Many reports have indicated that intracellular generation of reactive oxygen species (ROS) is induced by various types of nanoparticles, such as carbon black, nanosized TiO2 and nano-sized silver particles (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Furthermore, it has recently been reported that crystalline silica induces intracellular ROS generation via NADPH oxidase activation following uptake by endocytosis (42, 43) . Based on these reports, ROS generation and DNA damage are obvious indicators for assessing the hazards posed by nSPs. Firstly, total intracellular ROS generation was measured in silica particle-treated HaCaT cells using 2?7?-dichlorodihydoro‰uorescein diacetate (DCFH-DA) (Fig. 3) . Silica particles of all sizes were found to induce intracellular ROS generation in a dose-dependent fashion. However, ROS generation by nSP70 treatment was signiˆcantly greater compared with that generated by nSP300 and mSP1000 treatment at the same particle concentration. These results suggested that silica particle-induced intracellular ROS generation was signiˆcantly increased by decreasing the particle size to less than 100 nm. It is well-known that intracelluler ROS induces oxidative DNA damage related to mutagenesis, carcinogenesis and the aging process (44) (45) (46) (47) . These results suggest the possibility that nSP70 may be genotoxic.
A number of mechanisms underlie the ability of nanoparticles to cause DNA damage. As mentioned above, a key mechanism that is often described is the ability of particles to cause the production of ROS (1,48). One possible mechanism of particle-mediated DNA damage is the ability of particles to stimulate target cells to produce oxidants/genotoxic compounds, e.g., by aŠecting mitochondrial electron transport, activation of NADPH oxidase, or inducing cytochrome P450 enzymes. Alternatively, the physical and chemical properties of the particles themselves may be su‹cient to generate oxidants, thereby leading to DNA damage. In addition to the mechanism of DNA damage involving the generation of ROS, nanoparticles may gain direct access to DNA via nuclear transport. This seems very unlikely, however, given that the nuclear pore complex is less than 8 nm in diameter (49) . Nonetheless, some studies have reported that nanoparticles such as silica nanoparticles (40-70 nm) (50) or silver nanoparticles (6-20 nm) can penetrate the nuclear membrane (28) . A detailed analysis of the mechanism of DNA damage induced by nanoparticles is currently underway. This information will be a critical determinant in the design of safer nSPs and will provide valuable information for hazard assessment of nSPs.
Conclusions
In this review, we report that compared with bulk material of particle sizes above the nanoscale (above 100 nm),``well-dispersed'' amorphous nanosilica with a particle size of 70 nm shows diŠerent bio-properties with respect to entry into the nucleus. These bio-properties show the potential for nanosilica to act as a new functional material, but as a result of these diŠerences, nSP70 exerts various adverse cellular responses in skin cells, such as ROS generation and DNA damage. By contrast, bulk-sized materials of larger particle size display a much reduced response. These diŠerent responses might be partly due to diŠerent mechanisms, such as intracellular uptake and ROS generation. We speculated that receptor-mediated uptake was involved in these phenomena, and set out to identify the physicochemical properties that aŠect receptor endocytosis. We expect that more information provided by further studies of the relationship between the physicochemical properties of, and biological responses to NMs will lead to an acceptance by society of the safety and usefulness of these materials. In addition, we believe a detailed analysis of nSP-internalization will be invaluable for both hazard assessment and the design of safe nSPs. 
